Abstract-In this paper, a new bidirectional wireless power transfer (WPT) charging and discharging concept is analyzed for its feasibility in integration at traffic signals. Classified as quasi-dynamic WPT (QDWPT), a string of coils are proposed to be installed beneath the road surface to provide grid-tovehicle and vehicle-to-grid (V2G) services to battery electric vehicles (BEVs) while stopped. An experimentally verified lithium-ion battery array and Bidirectional Wireless Power Transfer system are combined to provide a comprehensive simulation under three proposed scenarios. First, four fixed standardized WPT charging levels are evaluated under a Federal Test Procedure-72 city driving profile. Second, a variable charging scenario autonomously adjusts the charging level based on the BEV state of charge. Third, an algorithm is proposed to toggle between charging and discharging based on the BEV psychological and grid retail price to evaluate V2G service viability. For each scenario, a comparison over the maximum driving range per drive cycle and range gained for each consumed kWh is quantified. Moreover, the effect of WPT coil misalignment over the driving performance is investigated and evaluated. This paper concludes that QDWPT at traffic signals is a promising solution to substantially extend the driving range and operating time for city driving especially at high charging levels.
I. INTRODUCTION
V OLATILE fuel prices coupled with an increased emphasis on reducing greenhouse and carbon dioxide emissions have fostered significant growth in the electric vehicle (EV) market over the last five years. With the recent addition of a variety of financial incentives, the market is expected to witness double digit growth by 2022 [1] . Unfortunately, a number of logistical challenges remain to support the future infrastructure and public acceptance. First, limited range and long charging periods will need to be addressed. Second, the primary means of energy storage, the lithium-ion battery pack, suffer from a relatively low-energy density (90-100 Wh/kg) when compared with gasoline (12000 Wh/kg) [2] . Finally, with the advent of grid-to-vehicle (G2V) and vehicle-to-grid (V2G) services, future EVs will not only require support of fast charging, but may also serve as a distributed energy resource to the grid [3] .
V2G technology not only benefits local microgrids, but can also help to enable wider scale integration of renewable energy technologies which are inherently intermittent [4] . These features further increase the need for the availability of a convenient, high-power exchange between the EV and the grid. In [5] , an extensive review was made into V2G technologies establishing the current plug-in EV (PEV) power levels. Three PEV charging levels were established by the Society of Automotive Engineers (SAE) J1772 standard, starting at a basic AC opportunity charger at level 1 (<2 kW), increasing to a primary dedicated charger (4-20 kW) at level 2, and progressing to DC chargers which can currently operate up to 120 kW [6] . However, most level 1 and level 2 chargers still require charging periods of hours which will only increase as manufacturers continue to increase battery array sizes [7] . Moreover, the limited availability of charging outlets at the upper level 2 or level 3 presents another obstacle. In [8] , an alternative was proposed to setup battery swapping stations, though the long-term battery health impacts and associated cost are still in question.
Wireless charging methods present a new revolution in the EV industry [9] . Unlike conventional PEVs tethered to a charger, no power connection is needed. Wireless charging is classified into two distinct modes: stationary and dynamic. In both modes, a primary coil is implanted below the vehicle, where in stationary mode, energy is transferred to a parked vehicle using a single coil, while in dynamic mode, energy is transferred to a moving vehicle using a series of coils. The removal of cables, autonomy for the driver, and relatively low maintenance has improved their practicality. Stationary system topologies were demonstrated as early as the General Motors EV1 in 1998 through the implementation of inductive power transfer [10] . In [11] , a review is presented noting that current stationary applications are beginning to reach their maturity as the SAE has already established industrywide specification guidelines in the SAE J2954 standard [12] . Current research has focused on the optimization and design of coupled coils which have a profound impact on the system efficiency. Despite the ability to transfer energy more efficiently using stationary wireless power transfer (WPT) since it offers better alignment between transducers, it is still limited by its requirement to park in a specific position.
As wireless charging technology continues to grow, dynamic (online) WPT (DWPT) charging has been introduced accompanied by a number of new advantages [13] . An online EV has already been tested at the Korea Advanced Institute of Science and Technology, demonstrating a commercially available DWPT charging system for busses [14] . A review of DWPT technologies was conducted in [15] , identifying that it could provide the foundation for mass-market penetration of EVs regardless of battery technology. In 2015, a comprehensive study was conducted evaluating the feasibility of installing DWPT recharging lanes on U.K. roadways [16] . Through the introduction of WPT in EVs, concerns associated with traditional PEVs including charging duration and range limitations could be alleviated.
DWPT is not limited to benefiting the EV driver, but can also provide enhanced V2G services as well. In [17] , a bidirectional WPT (BWPT) V2G scheme was proposed including the potential inclusion of mobile EVs. The inclusion of DWPT added flexibility to V2G schemes, but despite a number of advantages, several high-level challenges exist in its deployment where cost becomes the center of attention [18] . Charging EVs consumes a large amount of energy and with the inclusion of mobile loads at this magnitude, the economic toll is unclear which has incited feasibility studies on this topic [19] . Ou et al. [20] quantified some of these issues through the development of an analytical model predicting variations in the locational marginal price of energy. However, massive initial cost associated with constructing a robust embedded coil network along the road was a serious concern. Furthermore, reliable, high-speed bidirectional communications are required to handle the control. However, this is the most practical solution to support highway driving.
For city driving, an intermediate solution could provide a balance between the infrastructure cost while still enabling a majority of the same advantages dynamic charging has to offer. For city driving, an alternative such as a quasi (semi)-DWPT (QDWPT) system could provide a balance between the advantages seen in the stationary versus a dynamic system. Using QDWPT, an EV could charge during transient stops on the city roads such as bus stops for electric buses and traffic signals for EVs. Little work has been presented in literature that analyzes the QDWPT concept. In [21] , the effect of implementing QDWPT over one driving cycle with different profiles was briefly studied. To the authors' knowledge, detailed modeling with comprehensive performance and feasibility analysis based on the J2954 standardized power levels has not yet been studied for a QDWPT system.
In this paper, the feasibility of implementing the QDWPT system at traffic signals is explored. The comprehensive charging and battery electric vehicle (BEV) system architecture have been modeled and exercised through the integration of multiple driving scenarios. The novelties of this paper are as follows.
1) Modeling analysis has been conducted for the entire wirelessly connected BEV including an advanced WPT charging system, extensive battery model, and driving profile with experimental verification. 2) Feasibility assessments in implementing a QDWPT system at traffic signals are investigated under three distinct WPT scenarios. 3) A comparative analysis over the maximum driving range and duration per cycle has been examined. 4) Quantification of the additional distance gained over all charging scenarios for each consumed kWh is calculated. 5) The effect of coil misalignment in the WPT system over the driving performance is investigated.
II. QUASI-DYNAMIC WPT SYSTEM DESCRIPTION The implementation of a QDWPT system at traffic signals could provide a promising solution for EV charging. This concept can not only take advantage of dynamic charging features, but would also significantly reduce the cost of infrastructure, simplify control complexity, and potentially increase the transfer efficiency by enabling better alignment. As shown in Fig. 1 , the primary wireless string of pads is placed beneath the pavement in each travel lane at each direction of the intersection and is depicted in blue. Each pad can be driven by an independent power converter, or one converter can be utilized to drive a few pads while controlling the current in each pad. Thus, the primary pads can be selectively excited based on the EV position such that the energized pads are covered by the vehicle [15] . To determine the optimal number of WPT coils to support each lane, a traffic flow analysis can be conducted to define the minimum coverage distance. In this system, it is assumed that over the course of a full traffic light cycle across all directions, wireless coils are available for all stopped traffic (under a red signal). While stopped, authentication with a charging controller can activate either V2G or G2V service. Conversely, the wireless coils fixed in directions with a green signal will have their coils de-energized. Apart from the upfront installation cost to the system, BWPT system (BWPTS) activation can be coordinated with existing traffic light controllers and installed in combination with common inductive loops used for traffic detection [22] .
A general block diagram for a proposed traffic signal DC-bus configuration is shown in Fig. 2 . In this structure, the AC grid connection is established using a bidirectional grid-tied converter responsible for regulating a common DC bus voltage. Each BEV is then connected to the DC bus through its own BWPTS to facilitate charging (G2V) or discharging (V2G). In G2V mode, control of the BWPTS can provide a mechanism to regulate multiple charging scenarios. In V2G mode, BEV energy can be injected back to the ac grid to provide support during peak loading periods or an outage. As an added benefit, the introduction of a localized DC bus at the traffic signal would help ease the integration of renewable energy resources. As shown in Figs. 1 and 2, a photovoltaic (PV) system demonstrates the ease of renewable energy integration by coupling a unidirectional DC-DC converter directly to the local DC bus. Similarly, another unidirectional DC-DC converter provides a connection to the traffic signal loads. Through the inclusion of renewable energy, the bulk load demand can reduce grid stress when BEVs are in G2V mode, while in V2G mode, a BEV battery array can aid in smoothening PV generation.
III. SYSTEM MODELING
A block diagram of the wirelessly connected BEV system is indicated in Fig. 3 . The system consists of three main parts: the BWPTS, the EV battery, and the EV drive. The system has two isolated sides: the grid and vehicle. The two sides are talking to each other through radio communication. The power flow between these sides is managed by the secondary controller. The modeling of each part on the system is described in this section.
A. Lithium-Ion EV Battery Model
Present-day BEVs are subjected to heavy power and energy demands which are not limited to high transient discharge currents, but also sporadic regenerative braking charge currents. Furthermore, with the inclusion of QDWPT, a battery model accounting for multiple time constants is needed to accurately depict the dynamic response of the battery system. Simulation of the BEV requires an advanced battery model capable of depicting precise state of charge (SOC), I -V characteristics, and accurate dynamic behavior. In this paper, a 21-Ah lithiumion base module has been utilized to represent the BEV battery pack. This module contains 14 PL8048168 cells in series at a nominal voltage of 51.8 V [23] . In this section, a model is developed for simulation purposes where seven modules are placed in series and three in parallel to reach a standard EV pack voltage and capacity of 362.6 V and 63 Ah, respectively.
In [24] , a procedure for obtaining a dynamic battery model was presented where a series of standardized charge and discharge current pulses is administered throughout the full SOC range. To differentiate between the voltage recovery governed by multiple time constants, test pulses are administered over multiple frequencies. An analysis of the voltage deviation and an exponential curve fit of the recovery extracts the ohmic resistance R 0 and the associated impulse response components. The driving profile and QDWPT charging simulations fall within the second and minute response periods, and thus, the hour time constant was omitted reducing the model to second order as shown in Fig. 4 . To obtain the open-circuit voltage (OCV) V oc , long rest periods were observed between each SOC step during the charging and discharging cycles.
Final measurements for each component were plotted over the full SOC range and curve fitted as shown in Fig. 5 where all components vary whether the battery is in charging 
where a 1 − a 27 represent the parameters coefficients which vary between charging and discharging, as given in Table I. The battery SOC is then calculated using the traditional current integration technique as given in where C b is the battery capacity (in Ah). The final terminal voltage at the battery V b is then (8) where τ sec = R sec C sec and τ min = R min C min . The battery module and a general block diagram of how the EV battery is connected to the traction system driven by a reference speed v(t) from a driving profile are shown in Fig. 4 . The electric motor loading and regenerative braking power (P E ) are calculated and divided by V b to generate the reference current I b,ref . Details regarding the calculation of P E are featured in the following section.
To verify the model accuracy, short (1.5 s) and long (6 min) charge and discharge current pulses were applied and compared at four different SOC levels where the results are shown in Fig. 6 . Plots depict the voltage response during and following current pulses of 0.75 C where the measured values at multiple SOC levels are shown in black compared to the simulation in colored dotted lines. The model reveals a close match to the experimental values where the most variation is observed when charging from a low SOC or discharging from a high SOC. For the BEV, the practical SOC operating range is between 20% and 80% SOC to preserve the battery lifespan, and thus, extreme low and high SOC levels are avoided in this simulation. Using a single-module model as a reference, the final configuration is expanded to the BEV testing level.
B. EV Drive System Model
In this section, specifications of the BEV under test is discussed as well as the selected driving cycle and powertrain model to calculate power exchange in the BEV battery system. The BEV modeled in this paper aligns to provisions published by the U.S. National Highway Traffic Safety Administration classified as a heavy passenger car similar to small-sized sedan with a curb weight of 1680 kg [25] . For an accurate feasibility analysis, the Federal Test Procedure (FTP-72) dynamometer driving profile was selected, representing typical city driving test conditions [26] . A 7.5-mi commute is run over an approximately 22-min period at an average speed of 19.6 mph and is shown in Fig. 7(a) . FTP-72 consists of two phases: 1) a 505-s "cold start cycle" taking the vehicle up to a high speed and 2) an 867-s "transient" phase representing stop-and-go city driving. Phase 1 presents the greatest challenge on the battery pack in terms of power and energy output as the high-speed driving portion reduces the availability of QDWPT. Phase 2 subjects the BEV to frequent stop-and-go at traffic signals where WPT will be initiated. The FTP-72 speed profile is then passed to the BEV powertrain model.
The BEV under test is modeled to include both drive power applied to the motor and regenerative braking recovery power. The resistance force F v of the BEV at speed v(t) is calculated by the summation of aerodynamic drag, rolling resistance, and grading resistance at angle ϑ [27] 
where ρ a , c D , A f , and m t represent the air density (1.205 kg/m 3 ), drag coefficient (0.32), frontal EV area (2.31 m 2 ), and vehicle mass, respectively. The rolling resistance function F R (v(t)) can be found in detail in [27] . Wheel resistance and dynamic torque for acceleration are passed through the gearbox G r (6.45) to calculate motor torque and speed
where r wh and θ v represent the radius of the wheels (0.29 m) and total vehicle inertia (145 kg·m 2 ), respectively. The resulting bidirectional battery power flow (P E ) is then
where 0 < η m (t) < 1 is the motor-inverter efficiency which is a function of the motor speed and torque interpolated from [27] . The resulting motoring and regenerated power profile from the FTP-72 drive cycle is indicated in Fig. 7(b) .
C. BWPT System Model
Typically, BWPTS consists of two sides: a primary (grid) and secondary (vehicle) side. The former is coupled with the DC bus and placed beneath the vehicle in the road, while the latter is attached to the EV battery and placed inside the vehicle. Each side consists of a high-frequency (HF) inverter, controller, compensation circuit, and the wireless pad as shown in Fig. 8 [28] . The two sides are loosely coupled by magnetic induction through a large air gap (100-250 mm) according to the SAE J2954 standard [12] . During the charging operation, the DC bus power is converted to HF AC (20-90 kHz) by the primary inverter to supply the primary pad. The primary power moves by magnetic induction to the secondary pad through the air gap. The secondary power is rectified by another inverter to supply the BEV battery. The capacitor banks are essential to compensate the large reactive power required to magnetize the wide air gap. In discharging mode (V2G), the power transfers from the BEV to the DC bus through the same path. LCL compensation topology is considered in this paper since it provides a constant current property, high efficiency at light loads, and harmonic filtering capabilities. Moreover, it is not as sensitive to the misalignment phenomenon [29] .
The power flow control in the system is achieved by controlling the switching of the two HF inverters based on the phase-shift technique. In this technique, the controllers adjust the phase shift between switching of the inverter legs (α for primary and β for the secondary inverter). The power flow direction is controlled by the phase shift between the two inverters voltages (δ) [30] . The BWPTS is also modeled in MATLAB/Simulink and linked to the battery and driving model to represent the whole performance of the wirelessly connected BEV, which is the main focus in this paper.
IV. WIRELESSLY CONNECTED BEV MODEL VERIFICATION
After representing the modeling of each component in the BEV system shown in Fig. 3 , they are linked together and tested for verification purposes. A small-scale LCL BWPTS prototype was developed, as shown in Fig. 9 . The system consists of a DC supply to emulate the DC bus, one module of the 51.8-V, 21-Ah lithium-ion battery pack to emulate the BEV behavior, two HF H-bridge inverters [31] , two identical circular pads with ferrite cores, two parallel compensation capacitors, and two L-filters. Each wireless pad consists of one stranded copper coil of radius 200 mm attached to seven ferrite rods with a pole shoe. Each rod consists of three standard ferrite cores (I93 × 28 × 16) of N87 magnetic material from EPCOS. The design parameters of the developed prototype are presented in Table II . The system is analyzed in both charging (G2V) and discharging (V2G) operations and compared with the simulated model where the results are presented in this section. The tests have been performed with a 150-mm air gap which falls into the Z2 class [12] .
In the first test, the two inverters are set to supply full square-wave voltages by setting the phase shift between the switching of the two legs in the primary and secondary converters to 180°(α = β = 180°). The direction of the power flow and operation mode (G2V and V2G) is controlled by the phase shift δ between the primary V pi and secondary V si inverter voltages. The simulation and experimental results are compared for G2V operation (δ = −90°) and shown in Fig. 10 . The figure shows the voltage and current waveforms in the primary and secondary circuits. Fig. 10(a) and (b) shows the primary and secondary inverters variables, respectively. It can be noticed that the two inverters generate full square voltages with a 90°phase shift (V si lags V pi ) to allow the power to flow from the grid to the EV. Also, it can be observed that V pi and I pi are almost in-phase; however V si and I si are antiphase, which means that the system is hitting the resonance and achieving unity power factor. The primary and secondary coil currents and voltages are described in Fig. 10(c) and (d) , respectively. They are almost sinusoidal due to the system filtrations. The results show the high correlation between simulation and experimental models. V2G operation is accomplished by setting δ = 90°, and experimental and simulation results are presented in Fig. 11 . In this case, V pi lags V si to allow the power to flow from the EV to the grid. Reversal of the power flow can be noticed through the phase shift between the inverter voltages and currents. In this case, V pi and I pi are antiphase and V si and I si are in-phase, which is opposite to the G2V operation.
Another test is performed to indicate the impact of changing α and β on the system power flow. The system power is reduced by applying α = β = 90°while δ = − 90°for G2V operation as described in Fig. 12 . It can be noticed that the two inverter voltages show a zero-voltage level to reduce the rms voltages, currents and consequently, the power. This effect is evident in the system currents and voltage levels. Also, the results show good agreement between the simulation and experimental data.
The BWPTS prototype was designed and analyzed for a 40-kHz resonant frequency which is different from the defined frequency in the SAE J2954 standard (85 kHz) [12] . However, this paper focused on the impact of implementing a QDWPT system on the driving performance in terms of driving miles and hours. This performance is affected only by the power level of charging and discharging. As long as the WPT system was able to transfer the required power level, at any frequency, these results will not change. A different resonant frequency for the same power level leads to different design parameters. In order to clarify this point, a simulationbased analysis has been conducted. The analysis compares between the performance of two BWPTS at both frequencies (40 and 85 kHz). The two systems have been designed to supply the same power level at different operating frequencies as shown in Fig. 13 . Even though the two designs have different frequencies and design parameters, they provide the same power level.
V. FEASIBILITY ANALYSIS
After modeling and verification of the small-scale wirelessly connected BEV, a large-scale model has been used to evaluate the effectiveness of implementing this system at traffic signals. This implementation will allow BEVs to charge and discharge during the stop time. The feasibility of this project from the driving performance and the consumed energy point of view is presented in this section. The FTP-72 driving profile is considered in this analysis. Three different charging scenarios have been investigated: fixed power charging, variable power charging, and fixed power charging and discharging operation.
A. Fixed Power Charging Scenario
In this scenario, it is assumed that the EV charging will start automatically once the vehicle stops at the traffic signal. The charging power is kept fixed by the power flow controller of the BWPTS. The control system incrementally adjusts the battery current to maintain the target power while keeping the system power factor very close to unity as indicated in Section IV. Four different standard charging levels are analyzed: WPT1 = 3.7 kVA, WPT2 = 7.7 kVA, WPT3 = 11.1 kVA, and WPT4 = 22 kVA based on the SAE J2954 international standard. The whole driving performance during the WPT2 charging level is indicated in Fig. 14. As can be noticed, the charging operation is initiated during the stop time of the vehicle only. The charging level is about 7.7 kW [ Fig. 14(c)] . The BEV battery current including the motoring, regenerated, and charging current is shown in Fig. 14(e) . Both the charging and the regenerative currents are negative, while the motoring current is positive. This study has been conducted for different standard charging levels, and the driving performance is compared with the case, while there is no QDWPT charging, as shown in Fig. 15 . The figure shows the BEV battery SOC through the driving period without and with implementing the WPT charger at the traffic signal. It can be observed that through the utilization of QDWPT charging, the driving range is extended as a function of the charging power level for the same stop time. All charging levels exhibit a shallower reduction in the SOC where WPT4 results in only a 3% SOC reduction at the end of the drive cycle. WPT4 and higher levels appear promising for these applications since the vehicle may recover the initial SOC by the end of the driving profile.
B. Variable Power Charging Scenario
In this case, the charging power rate varies automatically based on the BEV SOC. It is desirable that an EV which has a lower SOC should be permitted to charge at a higher charging rate while as the SOC increases, the rate decreases linearly as depicted in Fig. 16 . In this figure, P min and P max represent the minimum and maximum acceptable limits of the charging rate defined based on the charger limits. SOC min and SOC max denote the SOC range in which the power is adjusted where below SOC min , a constant P max is supplied, while above SOC max , charging is deactivated. This behavior would help aid in limiting utility grid stress while simultaneously prioritizing charging among EVs and preserving their battery lifetimes by greatly reducing the charging rate when the battery approaches the maximum SOC level [32] .
In this paper, we have considered a safe linear SOC operating range of SOC min = 30% to SOC max = 80% where P max is set to the WPT4 level and the minimum supported charging level (P min ) is set to 30% of P max . WPT4 is chosen since it has shown promising performance in this application as indicated in Fig. 15 . The charging rate adjustment is achieved by the secondary (vehicle)-side controller as shown in Fig. 3 . The driving performance under this scenario is as indicated in Fig. 17 . In this case, the FTP-72 profile is extended by multiple repetitions to cover the full operating SOC range (20%-80%). It can be noticed that the charging rate starts with P min at 80% SOC increasing linearly as the SOC decreases. Once the SOC reaches 30%, the charger supplies P max for the remaining period. By applying this algorithm, the driving time is extended by more than 5 h.
C. Fixed Power Charging and Discharging Scenario
This scenario is applied to identify the ability of the QDWPT system to achieve V2G and G2V operations. In this case, the BEV can charge and discharge during the stop time at the traffic signal at a fixed level of WPT4. The charging and discharging decision is made by comparing the BEV psychological price (P ) (the maximum acceptable price) with the grid retail price of the wireless charger (P ). P depends on the BEV SOC and is defined in this paper based on a first-order cost function as given in
where P is the maximum range of P (P max − P min ). The wireless charger retail price (P ) should be more than that of the base load, which is 4 cents/kWh [20] . Thus, P is set to change from 4.5 to 6.5 cents/kWh. The retail price for wireless charging of a road is available for the EV owners based on the current traffic information systems of intelligent transportation systems [20] . The switching between charging and discharging operation is achieved by the vehicleside controller after the BEV owner accepts. The controller compares the psychological price with the retail price of the road. If P is higher than P , the BEV charges the battery, and if P is less than P , the BEV discharges the battery. This procedure is applied using the same SOC range as established in the previous section. Over 80%, the BEV will discharge in order to avoid overcharging, and below 30%, the BEV will keep charging.
The driving performance during this scenario is indicated in Fig. 18 . These results are obtained by assuming the retail price P = 5.5 cents/kWh and the maximum and the minimum accepted EV psychological price is 6.5 and 4.5 cents/kWh, respectively. It can be noticed at high SOC (≥55%), P > P thus the vehicle discharges and the SOC drops dramatically [ Fig. 18(c) ]. When the SOC goes below a certain value, P becomes less than P and the BWPTS starts to charge the battery. These results will vary dynamically as the retail price changes.
D. Driving Cycle Performance Evaluation
For a more clear performance assessment, the driving range for all the different scenarios is evaluated and compared with the case where there is no charging at all. This range is estimated based on two factors: full cycle time (FCT) [maximum continuous driving time per battery cycle (20%-80%)] and miles per cycle (mpc) (maximum driving distance per cycle). Since these factors are function of the initial SOC (SOC i ), they are estimated at different SOC i as indicated in Fig. 19 . As shown, implementing the QDWPT technology at the traffic signal extends the driving range (time and distance) for the whole range of SOC i . Using the WPT4 fixed charging level, the driving range is tripled compared with the no-charging case. The automatic variable charging (WPTAC) and the automatic charging and discharging (WPTACD) scenarios show significant improvement in the driving range as well.
Logically, increasing the charging power level will result in increasing the stored energy in the battery for the same charging period resulting in an improvement in the driving range. But at the same time, the energy consumption and cost will increase. Thus, for fair evaluation of the different scenarios, a benefit measure factor has been deduced (b.f ) for all scenarios. This factor evaluates the extra mpc that the wireless charging adds to the no-charging case over the average consumed energy per cycle (kWh), as given in 
This factor is estimated for all scenarios and compared at different SOC i as shown in Table III . For WPT1, WPT2, and WPT3, b.f changes dramatically with different SOC i . Smaller benefits are observed at low SOC i , and higher benefits at high SOC i . On the other hand, WPT4, WPTAC, and WPTACD show flat and high benefits over the entire SOC i range. By calculating the average b.f, these three scenarios provide the highest benefits regardless of SOC i . Notice the benefit factor in the case of WPTACD is dynamic based on the retail price (5.5 cents/kWh in this case). These results can 
E. Misalignment Effect on the Feasibility Analysis
During the transient stops, it is expected that the EV will experience some misalignment during charging and discharging operation, resulting in a considerable deviation from the ideal case that is assumed in the previous analysis. This phenomenon has been considered and presented in this section. The misalignment range is defined based on the J2954 standard where the accepted range of variation of coupling factor in the Z2 class is defined as 0.082-0.215 [12] . A reflection of this range on the power transfer is evaluated using the system model to be from approximately 40%-100% of the associated power-level capacity. Therefore, a misalignment is expected to be random within this range.
The driving performance considering the misalignment is investigated during fixed power charging at the WPT4 level in Fig. 20 . This figure shows the charging power and the battery SOC over the whole driving profile for three cases:
1) aligned, when the two sides are perfectly aligned and P c = 22 kW. 2) worst misalignment, when the EV experiences the maximum misalignment and P c = 0.4 × 22 kW 3) random misalignment in which the degree of misalignment is haphazardly assigned at each stop based on a uniform distribution random variable.
As can be noticed, the misalignment negatively affects the driving performance. For clear evaluation of this effect, the FTC, mpc, and b.f are estimated for all previously mentioned scenarios at SOC i = 80% as presented in Table IV . Considering the misalignment, WPT1 is revealed to be impractical in terms of performance for FTC and mpc, since it gives similar results to the case with no charging. With WPT4, a significant drop is experienced in the driving range; however, it still provides almost double the case without charging.
VI. CONCLUSION
This paper proposed, modeled, and analyzed the feasibility of installing BWPTS at traffic signals to improve the range and driving time constraints present in the BEV. A precise model for wirelessly connected BEV including BWPTS, a lithiumion battery array, and drive system was developed and verified by means of simulation and experimentally. Three different scenarios of QDWPT system implementation were evaluated based on the FTP-72 city driving profile. Under the first scenario, the BEV charges at fixed power levels during stops at the traffic intersections. As expected, driving range is increased as the charging rate increases until reaching WPT4, where energy recovery from charging is close to that of which was consumed by the electric motor. In the second scenario, a variable power charging profile is applied to reduce the grid stress while dramatically extending the driving range. In the final scenario, V2G and G2V operations were tested considering the grid retail price and EV psychological price. The performance of these scenarios was evaluated based on the continuous driving time per battery cycle and mpc. A benefit measure factor was introduced to quantify the tradeoff between energy consumption and extra miles added due to QDWPT charging. At fixed charging rates below WPT4, the benefit measure factor changed dramatically when driving started at different initial SOC values, revealing that starting at a low SOC yielded less benefit than starting at a high SOC. However, at WPT4, WPTAC, and WPTACD, high benefits were revealed regardless of the initial SOC. Finally, the effect of coil misalignment during WPT system operation was investigated for all scenarios questioning the feasibility of WPT1 charging given a misalignment. This paper concluded that QDWPT at traffic signals could provide a promising solution to dramatically extend the driving range of BEVs while increasing the operating time between traditional charging cycles especially with high-power levels.
